Abstract. Porcine urinary tract epithelium responds to systemic infections with an increase in mucin secretion that has been called ''mucinous degeneration.'' Here we describe similar changes in calyceal, pelvic, and ureteric urothelium in pig renal tracts 14 days after local embolism and cryoablation (four kidneys) or cryoablation alone (six kidneys). Large mucin-filled vacuoles surrounded by smaller cytoplasmic vesicles were present in the affected urothelium but were rare in calyceal urothelium of normal kidneys. These mucinous vacuolar changes were proportional to the extent of renal necrosis and could be important in the pathologic responses of xenotransplanted pig kidneys.
The mucin-coated epithelial surface is regarded as one of the first-line defense mechanisms against bacterial adherence and colonization in the urinary tract, 15 especially the bladder. 2, 10, 13, 14 Development of mucin-secreting goblet cells and mucin-filled cysts has been described in urothelium of sows with bacterial cystitis 8 and in swine with bacterial infections. 4 During a study of renal cryoablation as a possible method of treating renal tumors, 12 we found mucinous changes in the proximal urinary tracts of pigs that are unlike intestinal metaplasia of the urinary tract in humans. 11, 16 Domestic pigs (mean weight, 21.6 kg) were anesthetized with intramuscular injections of 7 mg/kg tetrazole (Tiletamin and Zolasepam, Fort Dodge Laboratories, Fort Dodge, IA) and 0.45 mg/kg xylazine (Rompun, Bayer Corporation, Shawnee Mission, KS) followed by halothane. The inferior pole of the kidney was mobilized, and the ureter and adjacent intestine were protected with surgical sponges. During laparoscopy, two 3.8-mm cryoprobes (Cryomed Sciences Inc., Rockville, MD) were inserted percutaneously with ultrasound guidance into the inferior pole of the kidney. A double-freeze technique (10-minute-freeze, 5-minute-thaw cycles) was used. Target temperatures of the probes were Ϫ185 to Ϫ196ЊC. In the laparotomy (open) technique, a single freeze to the inferior pole was achieved using a single 3.4-mm probe. Arterial embolism of the inferior pole of the kidney was achieved with gel-foam pledgets 0.4 mm in diameter (Upjohn Company, Kalamazoo, MI) inserted via a femoral arterial cut-down. Thirteen pigs were used in the experiments, and both kidneys were utilized. Organs were harvested at 1 and 14 days after treatment. Kidneys and approximately 8 cm of ureter were removed, bisected longitudinally, and fixed in 10% neutral buffered formalin. The lesions were excised from the kidneys, weighed, and expressed as a percentage of total renal weight. Sections from several areas, including necrotic lesions, normal parenchyma, pelvis, and ureter, were fixed in 10% buffered formaldehyde, embedded in paraffin, and stained with hematoxylin and eosin (HE), Alcian blue, periodic acid-Schiff, and mucicarmine. Selected areas of urothelium from a treated kidney (day 14, embolism and cryoablation) and a normal kidney were fixed in 2.5% glutaraldehyde, postfixed in osmium tetroxide, dehydrated in graded ethanols and propylene oxide, and infiltrated in Epon. Ultrathin sections were stained with lead citrate and uranyl acetate.
The number of mucin-filled vacuoles was counted in linear strips of urothelium in the apices of calyces and in adjacent pelvis on HE-stained sections. The mean numbers of mucin-filled vacuoles per 5.0-mm urothelial strip were calculated for calyces or pelvis in each kidney, and the average score was calculated for each experimental group (Table 1) . The counted vacuoles contained mucin and were approximately 0.01 to 0.09 mm in diameter. Sections of ureter were graded on a scale of 0 to 2 ϩ for content of mucin-filled vacuoles.
Lesions produced by embolization and cryoblation consisted of a large white area in the lower pole of the kidney at 14 days. The amount of renal parenchyma destroyed in these lesions ranged from 15.6 to 30.8% by weight (mean, 24.8%). The renal capsule was focally thickened and fibrotic where it enclosed a large necrotic area containing nuclear shadows of renal tubules and glomeruli. Necrotic areas were surrounded by a zone of polymorphonuclear leukocytes (PMNs), which in turn was enclosed by a fibroblastic layer containing lymphocytes. An inflammatory, foreign-body reaction to gel foam was observed in adjacent arteries. The calyceal and pelvic urothelium was thickened and in some foci showed papillary luminal projections. Mucinous vacuolation affected the calyceal urothelium but was absent over the mucosa of the renal papilla. The vacuoles contained mucus, which stained positively with periodic acid-Schiff reagent, Alcian blue (pH 2.5), and mucicarmine. Vacuolar size ranged from approximately 0.01 to 0.09 mm.
Infarcts in the embolized kidneys at 14 days were patchy, consisting of areas of interstitial fibrosis, lymphocytic infiltrates, and zones with almost a total absence of nephrons. Focal calcification was present in cortical infarcts. It was not possible to estimate the fraction of parenchymal destruction after embolism.
Lesions produced by cryoablation alone had well-delineated, infarctlike changes with hemorrhage at day 1 in six kidneys. The borders of the lesion contained PMNs, hemorrhage, and some better-preserved nephrons. The urothelium of the overlying calyces and infarcted renal papillae was necrotic and exfoliated. After 14 days, the lesions resembled those produced by embolization and cryoablation. The amount of parenchymal destruction ranged from 7 to 22% by weight in six kidneys (mean, 13.5%). Hydronephrosis caused by fibrosis and kinking of the pelvic-ureteric junction was present in one kidney.
The numbers of mucus-filled vacuoles in calyceal urothelium were estimated for peripapillary mucosa and more distal pelvic mucosa for the different treatments ( Table 1 ). The degree of mucinous vacuolation in six embolized and four embolized/cryoablated kidneys was comparable. The greatest mucinous vacuolar changes were seen in the pelvic mucosa (Fig. 1) . Also, some focal mucus vacuoles were present in the peripapillary urothelium of four normal (untreated) kidneys; most areas were devoid of vacuoles (Fig. 2) . Changes in the ureters were less dramatic and affected mainly, but not exclusively, the proximal 2 to 3 cm (Table 1 ). In the pelvic mucosa, the vacuolar mucinous change was not exclusive to mucosa in close proximity to or overlying an infarcted area. However, clear correlation was difficult because of the orientation of tissue during sectioning and sampling.
Electron microscopic examination showed that superficial Brief Communications and Case Reports urothelial cells lining the renal pelvis of a pig kidney 14 days after combined embolism and cryoablation contained multiple vesicles around mucus-filled vacuoles. Similar vesicles were present in most cells situated deeper in the mucosa. Ureteric urothelium from an embolized kidney at 14 days had similar features (Fig. 3) . Small free-floating vesicles containing eccentric electron-dense material were present in vacuoles and in small cytoplasmic vesicles. These small cytoplasmic vesicles were also identified in approximately 50% of cells in pelvic urothelium from an untreated kidney. Mucinous vacuolar change (MVC) seems to be an appropriate term for the changes induced in the pelvic and ureteric urothelium in response to partial renal cryoablation, embolism, or both. It is to be distinguished from intestinal glandular metaplasia as described in the human urinary bladder, 11, 16 ureter, 6 and pelvis. 1, 3, 7 In that condition, well-formed, mucin-secreting glands resembling those of colonic mucosa 3 extend into the lamina propria, 3, 16 and the columnar epithelium may also replace the surface urothelium. 7 Paneth cells and argentaffin cells may also complete the metaplastic response.
There is also a difference between the mucinous vacuolar change and the appearance of goblet cells at the ultrastructural level. Nonneoplastic goblet cells do not approach the size of cells with MVC, and the compartmentalization of mucus in goblet cells is distinctive. In MVC, the mucus is usually contained in one large intracellular globule that encloses numerous small vesicles. There is a focal or generalized fenestration of the cytoplasm in MVC and in many adjacent urothelial cells. The large vacuoles probably arise progressively by fusion of cytoplasmic vesicles.
Urothelium that appears quite normal by light microscopy also exhibits rare cytoplasmic mucin-filled vacuoles. Therefore, the phenomenon of MVC may be an exaggeration of a normal physiologic function in response to injury or infection, a suggestion that has also been made with respect to intestinal metaplasia. 9 We contend that MVC is not metaplastic in origin and is probably identical to the ''mucinous degeneration'' described by Brobst et al. 4 in the urothelium of swine with exudative epidermitis, which also spared the area cribrosa (urothelium covering the renal papillae). In Eubacterium suis cystitis, cystic degeneration of urothelium was formed by confluence of ''goblet cells,'' 8 but it is unlikely that true intestinal metaplasia (with goblet cells) was present. Nevertheless, intestinal metaplasia in cystitis glandularis and pyelitis glandularis is most commonly caused by chronic irritation. 16 Destruction of renal parenchyma in pigs, by cryoblation alone or with embolism, causes MVC in pelvic, and to a lesser degree in ureteric, urothelium. The exact mechanism of its induction remains to be determined. However, the upregulation of mucin secretion in inflamed or irritated urothelium probably serves a protective role, especially against invading organisms. 14 The responses of pig urothelium to various injuries, including ischemia, is important because of the proposed use of transgenic pig organs (including kidneys) as xenografts for humans. 5 In the present context, renal or ureteric injury may result in excessive mucin secretion, and this could be lithogenic. It would be interesting to monitor the urothelium of experimental xenografts (i.e., pig to monkey) for MVC, especially near the ostia of ureter-tobladder implants.
